The Tec family of tyrosine kinases are involved in signals emanating from cytokine receptors, antigen receptors, and other lymphoid cell surface receptors. One family member, ITK (inducible T cell kinase), is involved in T cell activation and can be activated by the T cell receptor and the CD28 cell surface receptor. This stimulation of tyrosine phosphorylation and activation of ITK can be mimicked by the Src family kinase Lck. We have explored the mechanism of this requirement for Src family kinases in the activation of ITK. We found that coexpression of ITK and Src results in increased membrane association, tyrosine phosphorylation and activation of ITK, which could be blocked by inhibitors of the lipid kinase phosphatidylinositol 3-kinase (PI 3-kinase) as well as overexpression of the p85 subunit of PI 3-kinase. Removal of the Pleckstrin homology domain (PH) of ITK resulted in a kinase that could no longer be induced to localize to the membrane or be activated by Src. The PH of ITK was also able to bind inositol phosphates phosphorylated at the D3 position. Membrane targeting of ITK without the PH recovered its ability to be activated by Src. These results suggest that ITK can be activated by a combination of Src and PI 3-kinase.
Inducible T cell kinase (ITK) (1-5) belongs to the Tec family of nonreceptor protein tyrosine kinases, which includes Tec I and II (6, 7) , Bmx (8) , Txk͞Rlk (9, 10) , and Bruton's tyrosine kinase (BTK) (11, 12) . ITK is expressed primarily in T cells (1-3, 5), with some expression detected in natural killer cells (4) . Mutations in BTK, found in B cells, have been shown to be responsible for human X-linked agammaglobulinemia and the murine X-linked immunodeficiency (11) (12) (13) (14) . Similarly, mice lacking ITK have reduced numbers of mature thymocytes and reduced proliferative responses following T cell receptor (TcR) crosslinking (15) . These reduced numbers in the absence of ITK suggest an important role for ITK in T cell development and function.
ITK, while similar to that of the Src family of protein tyrosine kinases, differ from Src kinases in a number of respects. Like Src family kinases, it has Src homology 3 (SH3) and Src homology 2 (SH2) domains. However ITK lacks a negative regulatory tyrosine at the carboxy termini. ITK also has a proline-rich region, included in a Tec homology domain (TH), reported to interact with Src family kinase SH3 domains in vitro and in the yeast 2 hybrid (16) . ITK, like the other Tec family members (except for Txk), also has a Pleckstrin homology domain (PH), which is not found in the Src family kinases. PHs have been shown to bind to inositol lipids in vitro (17) and are proposed to anchor their carriers to membrane lipids (18, 19) .
Phosphatidylinositol 3-kinase (PI 3-kinase) is a lipid kinase that phosphorylates inositol lipids at the D3 position of the inositol ring (20) . It is known that the serine͞threonine kinase ribosomal S-6 kinase (RSK) lies downstream of PI 3-kinase based on inhibition studies with PI 3-kinase inhibitors (21) . Recently, the serine͞threonine kinase AKT has been shown to be activated by inositol lipids generated by PI 3-kinase (22, 23) . AKT has a PH in common with ITK, and the activation of AKT by PI 3-kinase may be mediated by binding of the PH of AKT to phosphorylated inositol lipids (23) .
Ligation of the T cell receptor, CD28, a cell surface receptor found on T cells, and the FcR found on mast cells all result in tyrosine phosphorylation and activation of ITK (24) (25) (26) . T cell receptor and CD28 induced tyrosine phosphorylation and activation is dependent on the presence of the Src family kinase Lck (25, 27) . The association of ITK with CD28 also requires the presence of Lck (27, 28) . This behavior is reminiscent of the Syk family kinases, which can be activated by Src family kinases (29) . In view of these similarities, and the reported interaction between the TH domain and Src family kinases in vitro, we investigated the relationship between Src and ITK. Cellular Src (C-Src) is expressed in mast cells (30) , thymocytes, and the Jurkat T cell line and is induced upon T cell receptor activation in mature T cells (31) . It is also activated upon FcR signaling in mast cells (30) (which also activates ITK; ref. 26) . We therefore used c-Src as a prototypical member of the Src family of tyrosine kinases in our analysis.
We found that coexpression of c-Src and ITK results in the tyrosine phosphorylation and activation of ITK. This tyrosine phosphorylation and activation of ITK by c-Src required the PH of ITK and was sensitive to inhibitors of PI 3-kinase, as well as overexpression of the p85 subunit of PI 3-kinase. In addition, coexpression of c-Src with ITK resulted in increased membrane localization of ITK, which was also dependent on the presence of the PH of ITK. However, an ITK mutant lacking this domain but membrane localized was able to be activated by Src, and no longer inhibitable by PI 3-kinase inhibitor. These data suggest that Src family kinases can activate ITK by a pathway that involves PI 3-kinase via a mechanism involving the PH of ITK. and kinase-inactive (K295M) c-Src were all cloned into the pMEXneo expression vector. Hemagglutinin (HA)-tagged versions of both the wild-type and PH-deleted ITK were generated by PCR and cloned into pMEXHAneo. The kinaseinactive mutant of ITK (K391R) was made by overlap PCR and sequenced to confirm the mutation. The cellular Kit (c-Kit) fusions were generated by fusing the PH-deleted HA-tagged ITK to the cytoplasmic domain of the murine c-Kit at amino acid 549.
Cell Culture and Transfections. COS-7 cells (American Type Culture Collection) and were grown in Dulbecco's essential medium (DEM) containing 10% fetal calf serum and antibiotics at 37°C with 5% CO 2 . Cells were transiently transfected with calcium phosphate͞DNA complexes as described (32) . For inhibitor analysis, cells were split 1:2 two days following transfection. On the third day, cells were washed once with serum-free media and incubated in serum-free media for 30 min with the inhibitor or carrier. Cells were then harvested. Ly294002 was from Biomol (Plymouth Meeting, PA) and wortmannin was from Sigma.
Cell Lysis and Immunoprecipitation. Cells were lysed in Triton X-100 lysis buffer containing phosphatase inhibitors as described (24) . ITK was detected with either anti-sera to ITK or mAb to HA (Boehringer Ingleheim), and p85 with a mAb to the p85 subunit of PI 3-kinase. ITK immunoprecipitates were probed with an anti-phosphotyrosine antibody (RC20, Transduction Laboratories, Lexington, KY), then stripped as described (33) and probed with either anti-ITK antiserum or anti-HA antibody. Receptor chimeras were immunoprecipitated using an anti-c-Kit antibody and processed exactly as described above. Membrane and cytosolic fractions were obtained as described (34) . Briefly, cells were harvested in hypotonic lysis buffer (20 mM Hepes⅐NaOH, pH 7.6͞5 mM NaPP i ͞5 mM EGTA͞1 mM MgCl 2 ͞1 mM phenylmethylsulfonyl fluoride͞1 mM NaVO 3 ) and Dounce homogenized. The homogenate was then centrifuged at 100,000 ϫ g for 1 hr. The supernatant was taken as the cytosol, and the pellet was dissolved in Triton X-100 lysis buffer and the insoluble material spun out. This was taken as the solubilized membrane fraction.
Kinase Assays. ITK was immunoprecipitated either with the anti-sera to ITK or antibody to HA and washed. Immune complex kinase assays were then performed. Kinase assays were performed using the src peptide as a substrate exactly as described (24) . Briefly, the kinase reaction was performed for 15 min at room temperature in 50 l kinase buffer (25 mM Hepes, pH 7.5͞5 mM MnCl 2 ) containing 10 Ci ␥ 32 P-ATP (3,000 Ci͞mmol; 1 Ci ϭ 37 GBq) and 5 g RRsrc peptide (Sigma). Aliquots were spotted on phosphocellulose paper, washed with 1% phosphoric acid, and counted. Results are expressed as fold increase over ITK expressed alone, whose enzymatic activity was equated to 1, with activities corrected for expression levels. Contamination of the immunoprecipitates by Src was ruled by the failure of the PH-deleted mutants of ITK to be activated in the presence of Src using the same assay, as well as failure to detect Src in the immunoprecipitates of ITK by immunoblotting.
Inositol Lipids Binding Analysis. The binding of inositol phosphates were performed exactly as described (35) . Briefly, inositol phosphates (H 3 inositol 1-; 1,3,4-; 1,4,5-; 1,3,4,5-; and 1,2,3,4,5-phosphates) from DuPont͞NEN were incubated with glutathione S-transferase fusions of the PH of ITK, or the SH3 domain of c-Yes in 50 l of Hepes⅐KOH (pH 7.2) for 10 min at 4°C. One microliter of Ig (50 mg͞ml) was added, then 51 l of 30% PEG6000 in 50 mM Hepes⅐KOH was then mixed in on ice for 5 min. Samples were centrifuged for 5 min at 10,000 ϫ g, the pellet solubilized in scintillant, and counted. Background binding to the glutathione S-transferase͞Yes SH3 was subtracted from all values.
RESULTS

Induction of Tyrosine Phosphorylation and Activation of ITK by c-Src.
The similarities between Syk family kinases and ITK in their requirement for Src family kinases for activation prompted us to cotransfected expression plasmids carrying c-Src and wild-type ITK (see Fig. 1A for constructs, Fig. 1B for expression of the different proteins) into COS-7 cells to determine whether c-Src could activate ITK. Upon coexpression of c-Src and ITK, ITK becomes tyrosine phosphorylated (Fig. 1C) , accompanied by up to 6-fold increase in its enzymatic activity against the exogenous substrate RRsrc (Fig. 2A) . That the activity of endogenous Src is insufficient to activate ITK may reflect the fact that endogenous Src and family members are not activated, and that upon overexpression, the increased level of introduced Src results in its activation. Indeed, there is no difference in the ability of overexpressed wild-type c-Src and a constitutively active c-Src mutant Y527F in their ability to activate ITK (A.A. and H.H., unpublished work). A kinase-inactive form of c-Src was unable to induce tyrosine phosphorylatqion or activate ITK ( Inhibition of c-Src-induced Activation of ITK By the PI 3-Kinase inhibitor Ly294002. ITK has a PH and these domains have been demonstrated to bind to phosphorylated inositol lipids (17) . The SH3 domain of Src can bind the p85 subunit of PI 3-kinase that can result in the activation of PI 3-kinase (35) (36) (37) (38) (39) . Viral Src (v-Src) can be found in a complex with PI 3-kinase and D3 phosphorylated inositol lipids are elevated in cells transformed by v-Src (20) . Src family kinases can also phosphorylate PI 3-kinase that may also result in the activation of PI 3-kinase (40, 41) . Considering these data, we tested the inhibitors of PI 3-kinase, Ly294002 (21, 42) , and wortmannin for their effect on the Src-induced activation of ITK. Incubation of COS-7 cells transfected either with ITK alone or ITK plus c-Src with Ly294002 (100 M) resulted in marked inhibition of both the Src-induced tyrosine phosphorylation (Fig.  1C) and the enzymatic activation of ITK (Fig. 2 A) . Ly294002 added at a 5-fold-lower concentration (20 M) inhibited tyrosine phosphorylation 50% without affecting enzymatic activity. At a 10-fold-lower (10 M) concentration these effects were less apparent (A.A. and H.H., unpublished work). Similar results were obtained with wortmannin (10 Ϫ7 M) (Fig.  1D ). We continued with Ly294002 as it has been reported to specifically inhibit PI 3-kinase without having any effect on other serine kinases, in contrast to wortmannin (21, 42 (Fig. 2B) .
PI 3-kinase is composed of a regulatory subunit (p85) and a catalytic subunit (p110) (43) . It has been shown that overexpression of the regulatory p85 subunit can act as a dominant negative for PI 3-kinase. We therefore overexpressed the p85 subunit and determined if it affected the ability of Src to induce tyrosine phosphorylation of ITK. We found that overexpression of the p85 subunit of PI 3-kinase significantly inhibited the ability of Src to induce tyrosine phosphorylation of ITK (Fig.  3 ).
These results demonstrate that c-Src can induce the tyrosine phosphorylation of ITK that involves a PI 3-kinase pathway. As lipids generated by PI 3-kinase can activate protein kinase C-(44, 45), we examined the effect of the protein kinase C inhibitor calphostin C on the activation of ITK. No inhibition of the c-Src-induced tyrosine phosphorylation of ITK was observed, suggesting that this activation was not through protein kinase C (A.A. and H.H., unpublished work).
Requirement for the PH of ITK for Membrane Localization and Activation in the Presence of Src. As PHs have been demonstrated to bind phospholipids (17) and to anchor proteins carrying them to membranes (18, 19) , we tested ITK for membrane localization and activation in the presence or absence of Src. ITK immunoprecipitates from membrane and cytosolic fractions of COS-7 cells transfected with ITK with or without Src were tested for increased tyrosine phosphorylation and activity. In the presence of Src, there was increased association of ITK with the membrane, in addition to the previously noted increase in tyrosine phosphorylation (Fig.  4A ) and enzymatic activity in both the membrane and cytosolic fractions. A mutant of ITK lacking the PH (⌬PH ITK) was not membrane associated in the presence or absence of Src, and was not tyrosine phosphorylated (Fig. 4D) or activated (Fig.  2 A) . Src protein could, however, be detected only in the membrane fractions (Fig. 4 A and B, Lower) . This PH-deleted mutant possessed kinase activity equivalent to wild-type in vitro in the absence of Src (Fig. 2B) . Our results therefore show that Src can induce the membrane association and activation of ITK through a PI 3-kinase pathway, which requires the PH of ITK. As activation of PI 3-kinase by Src results in the production of inositol D3 phosphorylated lipids at the membrane, we determined if ITK's PH could bind to inositol D3 phosphates, thus explaining its Src-induced membrane association. We found that the PH of ITK could indeed bind to inositol phosphates only when they were phosphorylated at the D3 position (Fig. 4C) .
Membrane Targeting of the PH-Deleted ITK Recovers Its Ability To Be Activated by Src. Removing the PH of ITK resulted in a kinase that was refractory to activation by Src. If the role of the PH is indeed to localize ITK to the membrane upon Src activation of PI 3-kinase, then membrane localization of the PH-deleted ITK mutant should recover its ability to be activated by Src. We therefore generated a membrane localized form of the PH-deleted ITK by fusing the murine c-Kit extracellular and transmembrane domains to the PH-deleted ITK (Kit͞⌬PH ITK) (Fig. 1 A and B) . While expression of the membrane targeted protein, Kit͞⌬PH ITK without c-Src resulted in some tyrosine phosphorylation (Fig. 4E) , coexpression with c-Src resulted in a large increase in tyrosine phosphorylation of this protein and increased enzymatic activity that was not inhibitable by the PI 3-kinase inhibitor (Figs. 4E  and 2 A) . This suggests that membrane targeting bypassed the COS-7 cells were transfected with HA-tagged ITK in the presence or absence of Src. ITK was then immunoprecipitated from cytosolic and soluble membrane fraction and analyzed for phosphotyrosine content. Lanes: 1, cytosolic fraction͞ITK alone; 2, cytosolic fraction͞ITK plus Src; 3, membrane fraction͞ITK alone; 4, membrane fraction͞ITK plus Src. (B) The PH is required for Src-induced membrane association of ITK. COS-7 cells were transfected with HA-tagged ⌬PH ITK in the presence or absence of Src. ⌬PH ITK was immunoprecipitated from each fraction described above and analyzed for phosphotyrosine content. Lanes: 1, cytosolic fraction͞⌬PH ITK alone; 2, cytosolic fraction͞⌬PH ITK plus Src; 3, membrane fraction͞⌬PH ITK alone; 4, membrane fraction͞⌬PH ITK plus Src. Top was probed with anti-phosphotyrosine; Middle with anti-HA. Bottom shows equal amounts of protein from each fraction probed with anti-Src. Arrows point to ITK and Src, respectively. (C) Binding of the PH of ITK to inositol phosphates. Purified glutathione S-transferase-PH proteins were incubated with the indicated inositol phosphates as described in Materials and Methods. I 1-P, inositol 1-monophosphate; I 1,3,4-P; inositol 1,3,4-triphosphate; I 1,4,5-P, inositol 1,4,5-triphosphate; I 1,3,4,5-P, inositol 1,3,4,5-tetraphosphate; I 1,2,3,4,5-P, inositol 1,2,3,4,5-hexaphosphate. (D) Requirement for the PH of ITK for Src-induced activation. COS-7 cells were transfected with the HA-tagged ⌬PH mutant of ITK in the presence or absence of c-Src. ITK immunoprecipitates were then analyzed for enzymatic activity (Fig. 2 A) membrane recruitment step that required the PH. In the absence of Src, this protein had enzymatic activity equivalent to that of the wild-type (Fig. 1B) .
DISCUSSION
Nonreceptor tyrosine kinases have been demonstrated to play important roles in signaling through receptors in lymphoid cells, particularly the antigen receptors. In this report, we have taken advantage of the fact that transient coexpression of Src family kinases and downstream effectors in COS-7 cells results in the activation of these downstream enzymes (46) . We should, however, note that this system may not fully reflect all the signaling events during lymphocyte activation. We demonstrated that coexpression of ITK with c-Src resulted in membrane association, tyrosine phosphorylation, and activation of ITK, that required the activity of PI 3-kinase and the PH of ITK. We have also shown that the PH of ITK can bind inositol phosphates only when they are phosphorylated at the D3 position. Src and PI 3-kinase can thus cooperate in activating ITK.
PHs have been demonstrated to bind phosphorylated inositol lipids and as such are postulated to localized proteins carrying such domains to these regions of the membrane (19) . Indeed, a mutation on the PH of BTK (E41K) results in its enrichment in membrane fractions when expressed in fibroblasts, and it was suggested that this may have resulted in its constitutive activation (47) . The wild-type BTK has also been detected to undergo changes in membrane localization upon activation (48) . We have also detected increases in membrane bound ITK coincident with activation in the presence of Src. Both events were dependent on the PH of ITK, suggesting an important role for the PH in membrane localization and the activation of ITK. However, our data suggest that membrane localization of ITK per se is not enough for full activation of ITK, and most likely that localization to activated Src kinases, as well as PI 3-kinase, may be important in the regulation of ITK. We postulated that membrane localization of ITK would also result in tyrosine phosphorylation of ITK similar to the case with the E41K mutant of BTK. However, significant tyrosine phosphorylation of membrane localized ITK continued to be dependent on the increased expression (and activity) of Src. This suggests that activation of ITK requires not only membrane localization, but we speculate, also proximity to activated Src. Activated PI 3-kinase could fulfill the requirement for this localization, as this enzyme would be active at the sites of activated Src kinase, and would then generate D3 phosphorylated lipids. Indeed, an active role for Src in the activation of ITK is suggested by the experiments where incubation of ITK with phosphatidyl inositol phosphates (PIP) lipids in vitro or coexpression of activated PI 3-kinase alone with ITK does not result in tyrosine phosphorylation or activation of ITK in the absence of coexpressed Src (A.A. and H.H., unpublished work). Interestingly, a membrane-targeted PH-deleted kinase-inactive mutant of ITK was tyrosine phosphorylated when coexpressed with Src (A.A. and H.H., unpublished work). This result suggests that ITK may be able to serve as a substrate of Src.
The data suggest a stepwise process of activation of ITK (see Fig. 5 ). Activation of Src results in the activation of PI 3-kinase, which then generates phosphorylated inositol lipids in this microenvironment. These lipids recruit ITK to those areas of activated Src and PI 3-kinase that require the PH of ITK. Once localized to Src, ITK is activated by Src, probably by direct phosphorylation, although we cannot rule out other mechanisms of activation. Our data demonstrate that the PH is required for the Src-induced membrane association and activation gives strong support for this proposal. The model is also supported by the finding that the PH of ITK can bind to inositol phosphates only when they are phosphorylated at the D3 position. Additional support comes from the finding that the PH of BTK can bind to inositol phosphates phosphorylated at the D3 position (35, 49) . It has been reported that Src kinases can induce the tyrosine phosphorylation and activation of BTK (50, 51) . However, these groups did not examine the role of PI 3-kinase in this activation and it remains to be seen if this enzyme also plays a role in the Src-induced activation of BTK.
Recently (52), the structure of the isolated TH and SH3 domains of ITK was solved by NMR. The structure suggested that the SH3 domain of ITK binds to the TH domain. It was proposed (52) that this would result in the inhibition of the enzyme. While we have not examined the role of the TH domain in the Src-induced activation of ITK, our results do not preclude a separate level of regulation of ITK, i.e., through its SH3͞TH domain interaction.
Src family kinases have been reported to bind and activate PI 3-kinase (33, 34, (36) (37) (38) (39) . The consequence of this activation have hitherto been unknown. Our data suggest one function for this property of Src family kinases, namely, activation of Tec family kinases such as ITK (and probably BTK, and possibly the other family members). Interestingly, all the cell surface receptors reported to date that activate ITK also activate PI 3-kinase (33, (53) (54) (55) , and we speculate a role for PI 3-kinase in their signaling pathways for activating ITK. If our data can be applied to BTK, they suggest a possible explanation for the both activating (BTKE41K) (47) , as well as inactivating, mutations in the PH of BTK such as BTKR28C (13, 14) . Increased association at the membrane, such as that seen in the BTK E41K mutant, would lead to an enzyme that is easier to activate by Src family kinases. By contrast, a mutant kinase with reduced ability to localize to the membrane may be compromised in its ability to be activated by Src family kinases. 
